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Introduction
1.1
Background The cost of wind energy has decreased significantly over the past two decades and is now close to being competitive with conventional fossil fuel sources, even without environmental credits. This drop in cost is partly a result of improved rotor designs with high aerodynamic efficiencies. It is also a result of more effective design of all the major components of a wind turbine, as well as the "balance-of-station" costs.
In 2000, the National Renewable Energy Laboratory (NREL) launched the Wind Partnerships for Advanced Component Technologies (WindPACT) program to examine ways in which the cost of wind energy could be reduced a further 30%. The purpose of this program was to explore advanced technologies for improving machine reliability and decreasing the overall cost of energy. One element of the WindPACT program has been a series of design studies aimed at each of the major subsystems of the wind turbine to study the effect of scale and of alternative design approaches.
The WindPACT Turbine Rotor Design Study was carried out by Global Energy Concepts, LLC, (GEC) on behalf of NREL, and the final report was delivered in June 2002 [1, 2] .
The study examined what configuration and design changes in the rotor would reduce the overall cost of energy. The results, however, were valid only for the selected class of turbine rotors with a specific rating (ratio of rated power to swept area) of 0.39 kW/m 2 . Although this ratio is representative of many current commercial machines, the effects on the optimum configuration of other specific ratings remained to be resolved.
This issue has become more relevant because several manufacturers now offer more than one specific rating for a certain machine, which is usually achieved by maintaining the rating but changing the blade length accompanied by necessary modifications to the gearbox and generator (the less energetic the wind regime, the lower the specific rating). At the same time, some researchers and authors have proposed that the specific rating should be increased to lower the cost of energy. To resolve this issue, NREL extended the WindPACT Rotor Design Study to examine the influence of specific rating on the overall cost of energy.
Objectives
The objectives of this report are as follows:
• Use the 1.5-MW baseline configuration from the earlier WindPACT Rotor Design Study to examine the effect of different power ratings and to identify an optimum specific rating • Examine the effect of different maximum tip speeds on overall cost of energy (COE) • Examine the role of different wind regimes on the optimum specific rating
• Examine how the optimum specific rating may be affected by introducing more advanced blade designs.
Present Industry Practice
The evolution of wind energy conversion systems over the past 2000 years has been one of increasing efficiency, improved reliability, and lower costs. Integral to this evolution has been more effective use of materials and a trend to extract the maximum amount of energy by increasing the swept area while restricting the materials and cost. The current state of the industry is summarized in Table 2 -1, which lists the specific ratings of some selected current wind turbines. Figure 2 -1 plots the specific rating of those machines listed in Table 2 -1, as well as others.
In general, the larger-diameter machines are the most recent designs. There is no clear relationship between diameter and specific rating. Instead, the range of specific ratings may be governed by the target location and environment of each machine. This includes possible offshore application for some of the larger-diameter machines. 
Approach
GEC worked closely with NREL personnel to determine how the objectives of the project could best be reached and how the work should be defined. Consequently, the project was divided into two phases, which allowed for a review and redefinition of the work following completion of the first phase.
Phase 1
The following principles and approach were adopted for Phase 1.
• The starting point was the baseline configuration for the 1.5-MW machine with a 70-m rotor from the Rotor Design Study [1] . • The procedures used for defining blades, input data, simulation cases, and design spreadsheets were developed in the Rotor Design Study [1] . • The rotor diameter was kept constant, while the rating was changed from 1500 kW to 1000 kW, 1900 kW, and 2300 kW. This allowed the use of the same costs for several balance-of-station components, such as roads and cables and the cost of assembly. • Necessary modifications were made to the cost models (Section 3.3).
• The balance-of-station costs were calculated based on the assumption that the total number of wind turbines on the wind farm remained the same. • The same control system that was developed for the baseline machines was used in Phase 1 (a variable-speed rotor at maximum aerodynamic efficiency followed by pitching to feather to maintain a constant rpm at rated power). • The maximum tip speed for the 1500-kW configuration was adjusted from 75.0 to 77.5 m/s so that the design tip speed ratio (TSR) of 7.0 (corresponding to maximum power coefficient) was maintained until rated speed and power were reached simultaneously.
The Phase 1 work was divided into three tasks:
Task #11. The maximum tip speed was allowed to vary with the new ratings so that the design tip speed ratio was maintained until rated power was reached.
Task #12. The maximum tip speed was maintained at the same value used for the 1500-kW configuration (77.5 m/s).
Task #14. Using the configurations of Task #12, alternative wind regimes for energy production and for design were examined.
Phase 2
Following Phase 1, GEC and NREL staff held an interim meeting to review the findings of Phase 1 and to define the work for Phase 2. The final definitions of the Phase 2 tasks are given below.
Task #13. The design tip speed ratio was varied by changes to the blade planform, and the optimum value was determined while the rating was maintained at 5 1500 kW. That optimum design tip speed ratio was used to sweep the range of ratings, and the optimum rating for that tip speed ratio was determined.
Task #15. The baseline blade was replaced by the "advanced" blade design from Task #5 of the Rotor Design Study [1] (incorporating carbon fiber, flap twist coupling, and tower feedback). As in Task #13, the design tip speed ratio was varied while the rating was maintained at 1500 kW and the optimum tip speed ratio identified. Following this, the optimum rating was determined by using the optimum tip speed ratio to sweep all the ratings.
Task #16. Instead of varying the rating, the specific rating was modified by changing the diameter to determine whether the same results were obtained. This approach was applied to the baseline model of Task #12. Table 3 -1 lists the changes that were made to the cost models. Details of cost models that were left unchanged may be obtained from the Rotor Design Study [1] .
Cost Models
The choice to maintain the same number of machines within the wind farm meant that the costs of roads and internal cabling were unaffected. However, the total rating of the wind farm changed as the rating of the individual machines changed. This affected the costs of electrical connection.
Discussions with the author of Reference [3] confirmed that the cost of the wind farm transformer was approximately proportional to the total rating, whereas the cost of the other substation components increased much more slowly. A reasonable model was, therefore, one in which the substation cost for the 1500-kW machines was shared equally between the transformer and the other components; the cost of the former was directly proportional to the rating, while the cost of the latter was held constant.
The objectives of the Rotor Design Study [1] were to examine alternative rotor configurations and to use a single, standard, drive-train design. This implied that the cost models for drive-train components were less sophisticated than for rotor components. The same approach was adopted in the current study.
Wind Regime
NREL specified a production wind regime for the WindPACT program with an annual mean of 5.8 m/s at a 10-m reference height and a vertical wind shear exponent of 0.143. This corresponds to a mean of 7.86 m/s at a hub height of 84 m. All COE calculations were done with this regime as a baseline. The design wind regime was that defined as Class 2a in the 1998 version of the International Electrotechnical Commission (IEC) design code [4] . Work in Task #14 investigated the effect of changing the wind regime for energy production and for design class. Table 4 -1 summarizes some of the parameters used in the configurations of Tasks #11 and #12. In the Rotor Study [1] , the replacement costs were expressed as a dollar amount per year per kW rating. For much of that study, the rating did not vary and the replacement costs were unaltered. However, in this study the same model implies that the replacement costs of the 2300-kW configuration will be 2.3 times those costs for the seven 1000-kW configuration. This may be true for the generator replacement, but it is not true for the gearbox or for many other components.
Results
Tasks #11 and #12: Rating Changes to Baseline Design
To show how the results could be affected by the replacement cost model, the costs were reassessed using replacement costs that were proportional to energy output (similar to O&M costs). These results are shown in The variation in annual energy production for the configurations of Task #11 and #12 are shown in Figure 4 -6, which shows small differences between the two approaches. Figure  4 -7 shows how the rating affects some selected fatigue loads and illustrates that the effect of increasing the maximum tip speed with rating (as in Task #11) is significant. It confirms that although higher tip speeds will lower drive train costs, it is balanced by higher costs for the rotor, bedplate, and tower, which is a result of the higher loads induced by any given gust [5] .
4.2
Task #13: Effect of Optimum Tip Speed Ratio A series of blades were designed so that their design tip speed ratios (tip speed ratios corresponding to maximum power coefficient) varied from the baseline value of 7.0 to a range of 6.0 to 8. 5 . These values and the corresponding changes in blade planform and AEP are shown in Table 4 -2. The blade planforms, twist, etc., were selected by using the computer codes PROP or WTperf to obtain performance coefficients for new configurations and then using spreadsheets to calculate total AEP in the given wind regimes. For this task, the maximum tip speed was restrained to 77.5 m/s, the same as that used in Task #12. The optimum design tip speed ratio appears to be between 7.5 and 8.0. The shape of the curve is strongly influenced by the high COE value at the design TSR of 8.5. At that TSR value, the blade chord is much reduced from the corresponding baseline design, and it proved difficult to accommodate all of the required glass fiber into the limited cross section. This resulted in a very heavy and expensive blade and one in which inertial effects possibly added to the loads.
Based on the results shown in Figure 4 -8, we decided that a design tip speed ratio of 8.0 represented the optimum value for the baseline-type blade. Therefore, that blade planform was selected for use in conjunction with the range of ratings from 1000 to 2300 kW. Those results are presented in Figure 4 -9, which includes a comparison with the baseline design results. Not only has the COE been reduced, but the optimum rating has also been reduced from 1700 to 1600 kW. It is noticeable that the choice of a higher design tip speed ratio gives greatest benefit to systems with lower ratings.
The main reason for the reduction of COE with increasing design TSR is that the loads governing a number of major components are reduced. These governing loads are commonly the fatigue loads, and Figure 4 -10 shows how some of the important fatigue loads are affected by design TSR. Figure 4 -10 shows a dramatic decrease in the three loads with increasing tip speed ratio, except for the blade root flap moment between design TSRs of 8.0 and 8.5. This is probably a result of the excessive thickness of the blade spar necessitated by the limited chord and depth. If a material stronger in fatigue (such as carbon fibers) were used, this limitation might not be so onerous. 
Task #14: Effect of Wind Regime
This task, which investigated the effect on COE of changes in the wind regime, was divided into three parts.
1. The effect of changing the shape factor of the Weibull distribution 2. The effect of different mean wind speeds for energy production (maintaining a Rayleigh distribution)
3. The effect of changing the design class as well as the production wind regime.
Effect of Weibull Shape Factor
The increase in AEP with mean wind speed is an expected result, but the influence of machine-specific rating and the type of wind speed distribution is not always so intuitive. Figure 4 -11 shows wind distributions for Weibull shape factors (k) of 1.6, 2.0, and 2.5 and includes power curves for three of the machines considered in this study.
The wind speed at which the machine reaches rated power clearly has an important role in determining which regime will generate the most total energy. In Figure 4 -12, the wind distribution has been combined with power curves to produce plots of the distribution of energy production. The effect of the Weibull shape factor on total AEP and overall COE (while maintaining the mean wind speed at 7.86 m/s) is summarized in Figure 4 -13. The effect on the annual energy is greatest at the lower ratings at which there is a penalty for low shape factors. This is because of a lack of compatibility between the power curve and the wind distribution curve. It is explained by reference to Figure 4 -12, which shows that for a machine rating of 1000 kW, the shape factor of k = 2.5 is superior to the shape factor of k = 1.6 because there are more hours near peak power. On the other hand, for a rating of 2300 kW, a shape factor of 1.6 has more hours at peak power than a shape factor of 2.5. The implications on COE are that lower shape factors lead to higher optimum specific ratings and vice versa.
Effect of Mean Wind Speed and Design Class
Increases in the wind speed naturally lead to greater energy production and lower overall cost of energy. In addition, the sensitivity to machine rating changes so that the optimum specific rating can also change. specific rating of less than 0.25. Figure 4 -14 also shows that the effect of changing the design class while changing the production wind regime is significant only for the lowest of the wind regimes. The figure includes a line for a mean wind speed of 10.0 m/s while using an IEC design class 2; this implies a non-acceptable combination because IEC class 2 is limited to a mean wind speed of 8.5 m/s.
Task #15: Rating Changes Using Advanced Blade
The objective of Task #15 was to determine how the previous results, obtained using the baseline blade design, are affected by changing to the more advanced blade identified in Task #5 of the Rotor Design Study [1] . The main features of the advanced blade are:
• A design tip speed ratio of 8.0 and a maximum chord/radius ratio of 0.06
• Incorporation of a carbon fiber spar outboard of the 25% span section
• Incorporation of biased carbon plies in the skin to cause flap-twist coupling in the blade response.
In addition, the control system included feedback from the tower to ameliorate thrust and tower fatigue.
In a manner similar to that carried out in Task #13, the 1500-kW configuration was selected and modeled with a range of design tip speed ratios. The effect of these on the cost of energy is shown in Figure 4 -15. The design tip speed ratio of 8.5 was selected as the optimum and was used to study the effect of rating on the COE using this type of blade design. Those results are shown in Figure 4 -16, which also includes the corresponding results from the baseline blade for comparison. The shapes of the two curves for total COE are similar, but the advanced blade has an optimum at a slightly lower rating. This is because the use of the advanced blade has reduced the cost of the lower rating design more than for the higher rating design. The costs of the rotor and the tower have been most strongly affected.
Task #16: Diameter Changes
The results obtained in the preceding tasks have involved changing the specific rating by changing the rating, while maintaining a rotor diameter of 70 m. The objective of Task #16 was to confirm that similar results can be obtained by adopting the reverse approach: maintaining a rating of 1500 kW while changing the diameter. In order to do this, some changes were made to the cost models and approach:
• The total wind farm rating and number of machines were unaltered.
• The blades were scaled from the baseline and the same ratio of chord to diameter, etc., was maintained. This allowed several other parameters to be kept constant although, in practice, manufacturers may add blade extenders to achieve greater diameters. • The maximum tip speeds of the rotors were maintained at 77.5 m/s. • The transportation costs were assumed to be shared equally between the tower and all other components. The costs for the tower were assumed constant, while the other half were assumed proportional to rating. • The assembly costs were regarded as being most sensitive to hub height and were, therefore, kept constant. • The spacing of the rotors was dependent on the rotor diameter so that the required length of roads and cables was affected.
The results of this approach are presented in Figure 4 -17, which shows an optimum rotor diameter at about 69 m, corresponding to a specific rating of 0.40 kW/m 2 . This is somewhat less than the optimum of 0.43 kW/m 2 obtained from Task #12, but it does indicate a similar pattern. The Task #12 results (Figure 4-17 ) demonstrated that the choice of abscissa scale can affect the apparent value of the optimum specific rating.
The range of specific ratings covered in Figure 4 -17 has been chosen to be the same as the range of specific ratings in Figure 4 There are several reasons for this. In changing the diameter from 70 m to 56.5 m in Task #16, the energy capture decreased by a factor of 1.30, but many of the costs decreased by much lesser amounts. While the rotor and drive-train costs were much reduced, the tower costs and balance-of-station costs decreased by lesser amounts. The tower cost is still high because the hub height is still 84 m (a height-to-diameter ratio of 1.50). The balance-of-station costs are still high because the foundations are for a tall tower, the assembly costs have been assumed the same, and the wind farm rating has not increased as it did for the 2300-kW machines.
One of our conclusions is that making machines of a certain specific rating will not, by itself, ensure a certain COE because there are other parameters, such as tower height and balance-of-station costs, that must also be equivalent.
Comparison with Other Sources
The presence of an optimum rating between 1500 and 2000 kW for the baseline configuration is compatible with the somewhat less rigorous exploration of the subject in the book by Burton, et al. [5] . In that text, the relationships between wind speed, blade chord, lift coefficient, power, blade weight, etc., are presented algebraically and conclusions are drawn for a 60-m-diameter rotor. The results from Table 6 .3 of Burton [5] are compared with those from Section 4.1 for the baseline configuration in Figure 5-1 .
The agreement is good in the range of mean wind speeds between 7.0 and 8.0 m/s (and below 7.0 m/s by extrapolation). At higher wind speeds, the approach by Burton, et al. points to higher optimum ratings; this would be compatible with the results obtained in the current study if, for example, the replacement costs were proportional to energy production rather than to rating.
In January 2001, Fingersh [6] presented results of work relating mean wind speed, rated power, rated wind speed, and AEP. This work did not include any costing or the influence of changes on the component costs. However, the relationships between rated wind speed, which can be used as a measure of rated power, and AEP are very close to those obtained in the present study ( Figure 5-2) .
Use of the rated wind speed can lead to some uncertainty because it is often difficult to identify this value precisely. The power curve in the region of the transition from variable speed to constant speed or rated power is usually a curve with a radius that depends on a number of control parameters. There is no agreement as to whether the rated wind speed corresponds to the intersection of the tangents to the two regions or whether it corresponds to where power begins to fall below rated.
Optimum specific rating vs mean wind speed 
Summary
Several conclusions may be drawn from this study.
An optimum value of the specific rating (i.e., minimum overall COE) does exist in the range of 0.25 to 0.60 kW/m 2 for the types of wind turbines examined. This optimum is affected by many parameters, including:
• Maximum tip speed
• Design tip speed ratio
• Cost models for maintenance and for replacement costs
• Mean wind speed
• Weibull shape factor
• IEC design class.
These parameters and their effects on the optimum specific rating are summarized in Table 6 -1.
While increasing the maximum tip speed increases the AEP, at all higher ratings it is accompanied by higher fatigue loads, which results in slightly higher COE. The effect on optimum specific rating is small, but at lower specific ratings, the effect on COE is considerable.
Increasing the design tip speed ratio of the blade can lower the COE for both the baseline design and the advanced blade design. In each case, the optimum specific rating was also lowered.
As expected, the optimum specific rating increases with increasing mean wind speed and with decreasing Weibull shape factor. The contribution to the total COE of items such as O&M and replacement costs are as great as or greater than those of the rotor or the tower. Therefore, it is not surprising that the influence of the cost models for the former can have a greater influence than the latter items on the optimum specific rating. Higher specific ratings will be favored when the costs of O&M and replacement costs are not proportional to the rating.
The use of more advanced carbon fiber blades with flap twist coupling and higher design tip speed ratios results in optimum values of specific rating similar to those for the baseline blade. However, the advanced blade benefits the COE more at lower specific ratings than at higher specific ratings. In addition, there is less certainty in the cost model for the advanced blade and whether the flap-twist coupling properties can be achieved in practice.
Changing the rotor diameter instead of changing the machine rating also results in an identifiable optimum specific rating but with a somewhat lower value. This is not surprising in view of the many steps involved in the derivation of the two sets of values.
Although the specific ratings of the two sets of machines were identical, there were still many differences in other conditions, such as the tower/diameter ratio, the weighting of the balance-of-station costs, and the rating of the wind farm.
This study has largely confirmed the trends that have been presented elsewhere. However, the current report is accompanied by a consistent set of assumptions, cost models, and detailed cost results. This study has allowed a full investigation of several parameters that may affect the optimum specific rating.
The optimum specific ratings for both the baseline and the advanced blade designs are close to those used in the earlier Rotor Design Study [1] . The changes suggested in this study for optimum design tip speed ratios and specific rating are not likely to invalidate earlier findings.
This study has focused on wind turbines designed to the onshore IEC code [1] , and all results are applicable to such locations. Offshore installations are typified by lower turbulence levels than would be found in onshore locations, which means that the rating of a given configuration can be safely increased if installed offshore. This, in turn, implies a higher specific rating.
A further restriction of this study has been the neglect of aeroacoustic effects. In practice, there may be a penalty for adopting the higher tip speeds advocated in Task #11. However, most of the configurations of this study have used a maximum tip speed of 77.5 m/s, and any penalties will be equally applied to all of those configurations. IEC2A  IEC2A  IEC2A  IEC2A  IEC2A  IEC2A  IEC2A  IEC2A  IEC2A  IEC2A  IEC2A  IEC2A  IEC2A  IEC2A  IEC2A 
